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In fast-twitch fibers, the contractile apparatus is sensitive to ROS such as H 2 O 2 . Exogenous application of H 2 O 2 has been shown to modify the contractile function of muscle cells, increasing Ca 2ϩ sensitivity of the contractile apparatus that was reversible with the reductant dithiothreitol (DTT), consistent with oxidation of free sulfhydryl (SH) groups (1, 13) . Alone, the effects of H 2 O 2 are typically small. However, recently, we and others (13, 20) have shown that the Ca 2ϩ -sensitizing effects of ROS, such as H 2 O 2 , are greatly enhanced by subsequent brief application of the endogenous reductant glutathione. This occurs through a mechanism termed glutathionylation and is believed to be an important physiological adjunct to oxidation by ROS, facilitating much of the increased Ca 2ϩ sensitivity of the contractile apparatus observed following ROS treatments (13, 20) . Longer-term exposure to H 2 O 2 leads to a gradual reduction in Ca 2ϩ sensitivity (1, 13, 20) , demonstrating the predicted biphasic control of force by ROS as suggested by Reid et al. (28) . On the other hand, NO has been shown to typically reduce the Ca 2ϩ sensitivity of the contractile apparatus of skinned (11, 22) and intact (2) fasttwitch skeletal muscle. Similarly, NO has been shown to shift the force-frequency relationship in both diaphragm and isolated extensor digitorum longus (EDL) muscle to higher frequencies of stimulation (9, 10, 12) .
It has been suggested that, at low levels, NO may exert actions that oppose ROS effects contributing to this biphasic control, possibly by s-nitrosylating the target site of oxidation by ROS (29) . However, there have been no studies comparing the combined effects of both molecules on force development, thus, testing key parts of Reid's model. Thus, we do not know whether these molecules interact to regulate force production or act separately.
Fast and slow-twitch skeletal muscles are functionally different muscle types with slow-twitch fibers showing a lower rate of Ca 2ϩ release, force production and relaxation rates compared with fast-twitch fibers (4, 6), characteristic of their apparent roles in movement and posture. Fast-twitch fibers also fatigue rapidly with repeated activity whilst slow-twitch fibers appear largely fatigue resistant. We and others have recently shown that, unlike fast-twitch fibers, the fatigue resistance of slow-twitch fibers appears to arise in part due to a lack of sensitivity to various metabolites involved in fatigue in fasttwitch fibers (such as inorganic phosphate and ADP; 16, 24) . To date, there has been no systematic comparison of the effects of both ROS and NO on the Ca 2ϩ sensitivity of both fiber types, with nothing known about the effects of NO on slowtwitch fiber Ca 2ϩ sensitivity. Therefore, the aim of this study is to compare the effects of both H 2 O 2 and the NO donor, nitrosoglutathione (GSNO), on the Ca 2ϩ sensitivity of the contractile apparatus of both fast-and slow-twitch single skinned rat skeletal muscle fibers. It is hypothesized that both H 2 O 2 and GSNO will have opposing effects on the Ca 2ϩ sensitivity of fasttwitch fibers irrespective of any prior oxidative history; that is, the actions of both molecules are independent. Furthermore, it is hypothesized that the effects of both molecules on Ca 2ϩ sensitivity will be reduced in slow-twitch fibers consistent with this fiber type's reduced sensitivity to other metabolites known to modulate force in fast-twitch muscle. Both H 2 O 2 and GSNO are known to be endogenously produced. S-nitrosoglutathione is thought to act as an endogenous reservoir for NO and thus was used in this study as the principal NO donor. In fast-twitch fibers, we show that, after sequential addition of H 2 O 2 and NO, each molecule is able to independently alter force production (either increasing or decreasing the Ca 2ϩ sensitivity), with neither molecule protecting from further opposing oxidation. We show that the net shift in Ca 2ϩ sensitivity remains the same irrespective of the order of oxidation with either H 2 O 2 or NO, describing a functional range of oxidation by both molecules that more or less cancels out their individual respective actions. In slow-twitch skeletal muscle, neither molecule significantly alters Ca 2ϩ sensitivity, indicating that slow-twitch fibers are resistant to potential fatiguing modulators.
METHODS

Muscle Preparation
All experiments were performed according to the guidelines and with the approval of the University of Adelaide Animal Ethics Committee. Male rats (Hooded Wistar; 4 -6 mo old) were euthanized in a CO 2 chamber. The EDL and soleus muscles were excised, immersed under paraffin oil, and kept on ice. Under a dissecting microscope, single fibers were isolated from whole muscle and mechanically skinned with a pair of fine forceps (14, 23, 25) . A single fiber was then mounted between a force transducer (2 kHz resonance frequency; AME801, SensoNor, Horten, Norway) and stationary pin and stretched to 120% of its resting length. The fiber's length and diameter were then remeasured. The preparation was placed into a 2-ml Perspex bath containing resting solution and allowed to preequilibrate for 2 min in an intracellular potassium hexamethylene-diamine-tetraacetic acid (K-HDTA) solution (see below). Force responses were recorded using a PowerLab/8Sp (ADInstruments, Castle Hill, NSW, Australia) data acquisition system and recorded onto both a paper chart recorder (Kipp and Zonen) and PowerLab Chart v5.3 computer software (ADInstruments). All experiments were performed at room temperature (23 Ϯ 2°C).
Skinned Fiber Solutions
Fibers were equilibrated at various times in a standard K-HDTA solution that contained (in mM) 126 -EGTA solutions were mixed in various ratios to give solutions with a pCa range of between 7.0 and 4.5. Fibers were activated through a sequence of these solutions ranging in pCa from Ͻ9 to 4.5 to establish a full force-pCa relationship. The free [Ca 2ϩ ] was determined using an Orion all-in-one Ca 2ϩ electrode. For other solutions, unless otherwise stated, the K-HTDA solution was principally used as the solvent for added reagents. Hydrogen peroxide was diluted to a 1 M stock (in water) from a 3 M aqueous solution and was then diluted to 10 mM in 2 ml of K-HDTA. GSNO was made fresh every hour as a 10 mM stock and was further diluted, to typically 1 mM, for most experiments. The amount of NO liberated from 1 mM GSNO was measured in K-HDTA solution at 23°C using an Apollo 4000 NO analyzer system (World Precision Instruments) with a NO sensor. We found that the peak NO concentration ([NO]) immediately on dissolving 1 mM GSNO in the K-HDTA solution was 14 M with a half-life of ϳ10 min. At ϳ20 min after addition, a low level [NO] of between 1 and 4 M was elicited for a further 40 min. S-nitroso-N-acetyl penicillamine (SNAP; 2 mM; an alternate NO donor) liberated a peak [NO] of 2.1 M after 25 min and then gradually decayed with a half-life of 30 min. Experiments were conducted at the stage where the NO concentration was between 1 and 4 M. DTT was made as a 2 M stock daily and was then further diluted to 10 mM during experiments. A stock (100 mM) solution of reduced glutathione (GSH) was made daily, and the pH was adjusted to 7.1 with KOH. GSH was subsequently diluted to 5 mM in final experimental solutions. All chemicals were obtained from Sigma.
Ca 2ϩ Activation of Contractile Apparatus
Single mechanically skinned fibers were subsequently further chemically skinned in the K-EGTA solution containing 2% Triton X-100 for 10 min to destroy all remaining membranous compartments. The bundle was then washed in fresh K-EGTA for 2 min. The force-pCa relationship was determined by activation of the fiber in Ca 2ϩ -EGTA solutions with increasing free [Ca 2ϩ ] (described above) until maximum Ca 2ϩ -activated force was obtained. The fiber was then fully relaxed in the K-EGTA solution for at least 1 min before rinsing in the K-HDTA solution and repeating the activation sequence. Successive control sequences were highly reproducible with only a small reduction in maximum Ca 2ϩ -activated force occurring (ϳ2% per activation sequence). The Ca 2ϩ sensitivity of the contractile apparatus for both fast and slow-twitch fibers was found to decrease at a rate of ϳ0.005 pCa units per activation sequence under control conditions, and, consequently, all data were corrected for this progressive change.
After three successive control activation sequences, fibers were exposed to a variety of different protocols. Separate examination of either GSNO or H 2O2 involved exposing fibers to these molecules for 2 and 5 min, respectively, in a buffered K-HDTA solution. Fibers where then washed in a K-HDTA solution for 1 min, and the force-pCa relationship was then redetermined as described above. For H 2O2 experiments, fibers were exposed to H2O2 while being simul-taneously contracted in a pCa 6.0 solution, which has previously been shown to enhance the Ca 2ϩ sensitivity effects of H2O2 (13) . Fibers were also subsequently treated with 5 mM GSH for 2 min, to induce glutathionylation, which again has been previously shown to augment the effects of ROS (13, 20) . Following such treatments, fibers were also exposed to 10 mM DTT for 10 min, in a K-HDTA solution, to determine whether the effects of H 2O2 and/or GSNO were mediated via an oxidation (or nitrosylation) of SH groups on the contractile apparatus. Fibers were then washed and the force-pCa relationship was again redetermined.
To determine whether sequential addition of both GSNO and H 2O2 acts to modulate the Ca 2ϩ sensitivity of the contractile apparatus independently, fast-and slow-twitch fibers were treated with both H 2O2 and GSNO with one of two sequences: 1) 5 min with H2O2 while being simultaneously contracted in a pCa 6.0 solution, GSH for 2 min, GSNO for 2 min, and DTT for 10 min; or 2) GSNO for 2.5 min, H 2O2 for 5 min (as above), GSH for 2 min, and DTT for 5 min. Between treatments, fibers were washed for 1 min in a K-HDTA solution, and the full activation sequence was then redetermined twice in succession.
Although the soleus muscle contains predominately slow-twitch fibers, there is a small proportion of fast-twitch fibers. To verify the fiber type isolated from both EDL and soleus muscle, single fibers were exposed to a Sr 2ϩ -EGTA solution (pSr 5.4) that was a mixture of a Sr 2ϩ -EGTA similar in composition to the Ca 2ϩ -EGTA solution described above, except that all Ca 2ϩ was replaced with Sr 2ϩ , and the K-EGTA solution; fast-twitch fibers produce little or no force in such a solution, whereas slow-twitch fibers produce near maximal force (21) .
Spectrophotometric Analysis of SH Content in Skinned Muscle Bundles
We used spectrophotometry and Ellman's reagent [5,5Ј-dithiobis(2-nitrobenzoic acid); DTNB] to obtain a qualitative estimate of the proportion of free SH sites oxidized by various treatments used in this study (see RESULTS) . DTNB oxidizes only free SH groups and consequently liberates a single thiolate ion that absorbs at 412 nm. The amount of thiolate ion liberated is directly proportional to the number of free SH groups oxidized. We also use this method to confirm that glutathionylation occurs with the application of GSH after oxidation and to estimate the number of free SH groups present on the contractile apparatus in the endogenous (nonreduced) state (see RESULTS).
Analysis
The data for each activation sequence within a fiber were individually analyzed. Submaximal responses were normalized to the maximum Ca 2ϩ -activated force in each sequence. The data obtained from each pair of activation sequences were then averaged and plotted using Prism software (version 4.01; GraphPad Software, San Diego, CA). The force-pCa data were fitted with a modified Hill equation, with parameters of maximum and minimum set to 100% and 0%, respectively. From the resulting curve, the pCa 50 (the pCa at which 50% maximum force is produced), along with the pCa20 and pCa80, and the Hill coefficient were determined. The effect of a treatment was assessed by measuring the change in pCa 20, pCa50, and pCa80 relative to the values before treatment in the same fiber. The results are given as means Ϯ SE for a sample of n fibers. Statistical significance was examined using either a Student's unpaired t-test or a repeatedmeasures one-way analysis of variance where appropriate, with a significance level of P Ͻ 0.05.
RESULTS
Separate Effects of NO and H 2 O 2 on Ca 2ϩ Sensitivity
In fast-twitch fibers, we initially determined that the minimum effective concentration of GSNO required to consistently elicit a significant change in pCa 50 value was 1 mM (which liberated approximately 1-4 M NO; see METHODS and Table 1 ). Figure 1 shows the effects of a 2-min GSNO (1 mM) treatment on the force-pCa relationship for a single EDL muscle fiber. Application of GSNO caused a reduction in the Ca 2ϩ sensitivity of the contractile apparatus illustrated by a rightward shift in the curve. The pCa 20 , pCa 50 , and pCa 80 were shifted by Ϫ0.14, Ϫ0.11, and Ϫ0.07 pCa units, respectively. The sequential change (⌬) in pCa values relative to the control value was obtained for each fiber and averaged with the mean data reported in Table 1 . The effects of exposure to 1 mM GSNO for 2 min in a resting solution were largely reversed by treatment with the reductant DTT (10 mM) for 10 min. Similar results were obtained using 2 mM SNAP as an alternative NO donor, which produced a similar reduction in Ca 2ϩ sensitivity of the contractile apparatus (see Table 1 ). Higher concentrations of GSNO could produce even larger shifts in the Ca 2ϩ sensitivity, indicating that the effect was not saturated at 1 mM (1-4 M NO) ( Table 1) .
It has been previously shown that exposure of single mechanically skinned fast-twitch muscle fibers to H 2 O 2 during submaximal activation results in a small but significant increase in Ca 2ϩ sensitivity (13) . Here, exposing fast-twitch fibers to 10 mM H 2 O 2 during repeated submaximal activation Values are means Ϯ SE of change (⌬) in pCa20, pCa50, and pCa80 values and Hill coefficient (nh) relative to the control response for fast-twitch fibers subjected to various treatments. Mean values were derived from individual plots of the force-pCa relationship for each fiber before and after given treatments. The force pCa values in each fiber were plotted using a modified Hill equation described by the parameters pCa50 and nh in which maximum and minimum were fixed at 100% and 0%, respectively. The control mean Ϯ SE pCa20, pCa50, and pCa80 values and nh for all the fibers (sample size n ϭ 67) were 6.34 Ϯ 0.03, 6.19 Ϯ 0.02, 6.04 Ϯ 0.02, and Ϫ4.60 Ϯ 0.48, respectively. *Significantly different from the control value before treatment. †Significantly different from the preceding value in the sequence (P Ͻ 0.05, one-way ANOVA). In each instance, fibers were exposed to the 50 mM EGTA solution (pCa Ͻ 9) when treated with reagents, with the exception of H2O2 treatments, in which fibers were contracted in a 50 mM Ca 2ϩ -EGTA solution (pCa 6.0) with intermittent relaxation periods in a 50 mM EGTA solution for 5 min. GSNO, nitrosoglutathione; SNAP, S-nitroso-N-acetyl penicillamine.
(pCa 6.0) and relaxation cycles for 5 min also resulted in a small but significant increase in Ca 2ϩ sensitivity (see Table 1 ). We and others have previously shown that a subsequent, brief (2 min) exposure to the endogenous reductant GSH typically further increases the Ca 2ϩ sensitivity following exposure to H 2 O 2 during submaximal activation (13), presumably through glutathionylation, and is considered an important mechanism in facilitating increased Ca 2ϩ sensitivity after ROS-mediated oxidation. Thus, a subset of H 2 O 2 -treated fibers was subsequently exposed to 5 mM GSH in resting solution for 2 min, which caused a further significant increase in Ca 2ϩ sensitivity as expected (Table 1) .
Evidence of Glutathionylation of the Contractile Apparatus by GSH and Oxidized Glutathione
Glutathionylation describes the formation of a mixed disulfide between the thiol group of GSH and a protein cysteine thiol. Similarly, under certain conditions, the oxidized form of glutathione (GSSG) can also glutathionylate a free SH group, forming a similar mixed disulfide. To demonstrate that glutathionylation of free SH groups on the contractile apparatus is possible, three small bundles of EDL fibers (ϳ1,000 fibers; average weight of 113 mg wet wt/bundle) were chemically skinned in a K-EGTA solution containing 2% Triton X-100 for 40 min to solubilize all membranes. Bundles were then washed in a K-EGTA solution for 5 min and then treated with 10 mM GSSG (10 -15 min) in a 50 mM K-EGTA solution. Bundles were washed again in a K-EGTA solution for a further 5 min and then treated with 1 mM DTNB (20 min) in a glass cuvette to fully oxidize all remaining free SH groups on the contractile apparatus. The absorbance at 412 nm was recorded during the treatment with DTNB until a steady-state absorbance reading was reached (by 20 -30 min). This reading provided us with an estimate of the number of free SH groups not oxidized by the GSSG treatment and, therefore, the number of sites glutathionylated. The same bundles were then treated with 10 mM DTT for 40 min to reduce all oxidized groups (both by GSSG and DTNB treatments), and the total free SH content of the muscle was then determined by exposing the same bundles to DTNB again for 30 min. The ratio of absorbances (SH content after GSSG:total SH content determined after DTNB treatment only) was then determined to provide an estimate of the number of free SH groups oxidized by the GSSG treatment. Oxidation of the contractile apparatus by GSSG resulted in the glutathionylation of 55 Ϯ 7% (n ϭ 3) of the available free SH groups on the contractile apparatus. Similar experiments were also done in three other bundles using the H 2 O 2 /GSH treatment described earlier. Oxidation with H 2 O 2 /GSH resulted in the protection of 68 Ϯ 9% (n ϭ 3 bundles) of the free SH sites on the contractile apparatus. This value is not significantly different from that obtained with GSSG treatment.
If the H 2 O 2 /GSH treatment described above results in glutathionylation of the contractile apparatus that leads to an increase in the Ca 2ϩ sensitivity of the contractile apparatus, then oxidation with GSSG should produce a similar increase in the Ca 2ϩ sensitivity. Consequently, three single skinned EDL fibers were also treated with 10 mM oxidized glutathione (GSSG) for 10 min. After a 10-min treatment, fibers were washed and the force-pCa was determined as described earlier.
GSSG exposure resulted in a significant shift in the pCa 50 of ϩ0.07 Ϯ 0.009 (P Ͻ 0.001) compared with controls. Subsequent exposure to 10 mM DTT for 10 min fully reversed the effect of GSSG on the pCa 50 [Ϫ0.007 Ϯ 0.005 (P Ͼ 0.05)]. The shift in Ca 2ϩ sensitivity is similar to the shift observed by the H 2 O 2 /GSH treatment (see Table 1 ). Together with the biochemical data showing that a similar number of free SH groups were oxidized by both the GSSG and H 2 O 2 /GSH treatments, these data confirm that GSH treatment following oxidation must result in glutathionylation of the contractile apparatus.
Consequently, in subsequent experiments below, we followed all H 2 O 2 treatments with GSH treatments to maximize the increase in Ca 2ϩ sensitivity by H 2 O 2 as previously reported. In several other fibers we also confirmed that 10 mM DTT (10-min exposure) on untreated fibers produced no significant change in Ca 2ϩ sensitivity as previously reported (Table 1) , indicating no evidence of thiol oxidation after skinning alone. We confirmed the data using Ellman's reagent (as described above). Four small bundles of EDL fibers were first treated with 10 mM DTT for 40 min immediately after being chemically skinned with Triton (as described above). Bundles were then further treated with 1 mM DTNB for 30 min, and the absorbance was recorded. This value gave us an estimate of the total number of free SH groups that can be oxidized in a reduced muscle. The same bundles were then fully reduced again with 10 mM DTT for 40 min and then treated with 10 mM GSSG for 10 min (as described above) followed by DTNB treatment for 30 min. The ratio of absorbances before and after GSSG treatment indicated that 41 Ϯ 15% (n ϭ 4) of available free SH groups was oxidized by GSSG in bundles that were fully reduced after skinning. This value is not significantly different from the value obtained in bundles retaining the endogenous level of oxidation described above. The data strongly suggest that the resting fibers obtained are very close to being in a fully reduced state, explaining why DTT has very little effect on the Ca 2ϩ sensitivity of Fig. 1 . Effect of 1 mM nitrosoglutathione (GSNO) on the Ca 2ϩ sensitivity of a single skinned fast-twitch fiber. Treatment of a single skinned fast-twitch fiber from the extensor digitorum longus (EDL) with 1 mM GSNO [1-2 M free nitric oxide (NO)] caused a rightward shift in the curve, indicating a reduction in the Ca 2ϩ sensitivity of the contractile apparatus. The change in pCa20, pCa50, and pCa80 was Ϫ0.14, Ϫ0.11, and Ϫ0.07 pCa units, respectively. The effect of GSNO treatment was largely reversed following a 10-min treatment with 10 mM DTT. Maximum Ca 2ϩ -activated force was determined in saturating (pCa 4.5) Ca 2ϩ solution (not shown on graph) and was unaffected by GSNO. the contractile apparatus. Furthermore, neither 1 mM GSNO nor 10 mM H 2 O 2 treatments measurably affected maximum Ca 2ϩ -activated force in either fast or slow-twitch muscle, with the reduction maximum force changing Ͻ2% over the entire series of activation sequences.
Sequential Treatment With NO and H 2 O 2 on Ca 2ϩ Sensitivity
Fast-twitch fibers. Figure 2 , A and B, shows the force-pCa relationship in single fast-twitch fibers following a typical assay in which fibers were treated with both GSNO and H 2 O 2 in alternate series. In Fig. 2A , the fiber was first treated with 10 mM H 2 O 2 (5 min), washed and force recorded, then treated with 5 mM GSH (2 min), and washed and force recorded again (as described in METHODS), which resulted in a cumulative increase in the Ca 2ϩ sensitivity (pCa 50 ) by ϩ0.08 pCa units, indicated by a leftward shift in the curves. Subsequent addition of 1 mM GSNO (2 min) then reduced the pCa 50 by Ϫ0.20 pCa units, indicated by a rightward shift in the curve. All oxidative effects were reversed back to control levels after the fiber was treated for a further 10 min with 10 mM DTT. The data show that both H 2 O 2 and GSNO when added sequentially could still independently oxidize SH sites on the contractile apparatus that led to both increases and decreases in the Ca 2ϩ sensitivity, respectively. Figure 3A shows the mean change in pCa 50 relative to the control for these experiments, and Table 2 shows the mean data for the pCa 20 , pCa 50 , and pCa 80 values and the Hill coefficient. In Fig. 2B , the reverse assay confirms that the separate effects of GSNO and H 2 O 2 on the Ca 2ϩ sensitivity are retained. In this instance, GSNO treatment initially reduces the pCa 50 by Ϫ0.05 pCa units. Subsequent addition of H 2 O 2 (with activation) increased the pCa 50 by ϩ0.03 pCa with the addition of 5 mM GSH, resulting in a further significant shift of the force-pCa curve by ϩ0.02 pCa units back toward control levels. It is likely that this effect represents both a further Fig. 2 . Effects of sequential treatment of single fast-twitch fibers with GSNO and H2O2. Shown is the force-pCa relationship for two single fast-twitch fibers from the EDL. A: a single fast-twitch fiber was treated in the following order: 10 mM H2O2 for 5 min during repeated contraction (pCa 6.0)-relaxation cycles, 5 mM GSH for 2 min, 1 mM GSNO for 2 min, and 10 mM DTT for 10 min, as indicated in the graph. B: a separate fiber was treated in the following order: 1 mM GSNO for 2 min, 10 mM H2O2 for 5 min during repeated contraction (pCa 6.0)-relaxation cycles, 5 mM GSH for 2 min, and 10 mM DTT for 10 min, as indicated in the graph. Maximum Ca 2ϩ -activated force was determined in saturating (pCa 4.5) Ca 2ϩ solution (not shown on graph) and was unaffected by either GSNO or H2O2. Fig. 3 . Effects of sequential treatments with GSNO and H2O2 on the mean change (⌬) in pCa50 in fast-twitch fibers. Shown is the mean change in the pCa50 value derived from force-pCa curves such as that described in Fig. 2 , relative to the control response. A positive change in pCa50 indicates an increased Ca 2ϩ sensitivity or a leftward shift in the force-pCa curve (see Fig.  2) . A: fast-twitch fibers from the EDL were treated in the following order: 10 mM H2O2 for 5 min during repeated contraction (pCa 6.0)-relaxation cycles, 5 mM GSH for 2 min, 1 mM GSNO for 2 min, and 10 mM DTT for 10 min. B: a separate fiber was treated in the following order: 1 mM GSNO for 2 min, 10 mM H2O2 for 5 min during repeated contraction (pCa 6.0)-relaxation cycles, 5 mM GSH for 2 min, and 10 mM DTT for 10 min, as indicated in the graph. *Significant difference (P Ͻ 0.05) from the control value; #significant difference (P Ͻ 0.05) from the preceding value in the graph.
sensitizing action of GSH (given the brief exposure time) and some partial reversal of the GSNO effect. Irrespective, subsequent treatment with DTT for 10 min recovers force back to control levels. The mean relative change in the pCa 50 value for the above sequential treatments is illustrated in Fig. 3B , and the mean data for the change in pCa 20 , pCa 50 , and pCa 80 values and the Hill coefficient are given in Table 2 . Figure 4 , A and B, compares the net relative change in the pCa 50 for both GSNO and H 2 O 2 /GSH treatments from the different addition assays described above. It is evident that sequential GSNO and H 2 O 2 /GSH treatments always resulted in proportionately the same relative change in Ca 2ϩ sensitivity, irrespective of the order of treatment. H 2 O 2 followed by GSH treatment always increased the pCa 50 by approximately ϩ0.05 to ϩ0.06 pCa units (Fig. 4A) , whereas GSNO always reduced the pCa 50 value by Ϫ0.07 to Ϫ0.08 pCa units (Fig. 4B) . The net difference between the two treatments remained at ϳ0.13 pCa units. These data effectively describe a dynamic range of action for H 2 O 2 and GSNO on the Ca 2ϩ sensitivity. Slow-twitch fibers. In contrast to the fast-twitch fibers above, Fig. 5 , A and B, shows a very different effect of sequential treatment of slow-twitch fibers with 1 mM GSNO and 10 mM H 2 O 2 on the Ca 2ϩ sensitivity. Figure 5 , A and B, shows the mean change in pCa 50 value relative to the control for the different treatment sequences. Irrespective of the treatment sequence, neither H 2 O 2 nor GSNO had any significant effect on Ca 2ϩ sensitivity of the contractile apparatus. Table 3 shows the mean data for the pCa 20 , pCa 50 , and pCa 80 values and Hill coefficients for experiments described above in slow-twitch muscle. The data demonstrate that slow-twitch fibers are largely resistant to oxidation by either molecule and illustrate a much smaller dynamic range of oxidative effects by H 2 O 2 / GSH and GSNO.
DISCUSSION
This study has characterized the effects of both H 2 O 2 and GSNO (an endogenous NO donor) on the properties of the contractile apparatus of fast-and slow-twitch skeletal muscle. We show that the contractile apparatus of fast-twitch muscle is modulated by both H 2 O 2 and GSNO, which increase and decrease the Ca 2ϩ sensitivity, respectively, as previously reported. We also show for the first time that these molecules retain their respective effects on Ca 2ϩ sensitivity irrespective of previous oxidation history. Furthermore, we confirm that GSH can glutathionylate the contractile apparatus after oxidation has occurred and that this induces an increased Ca 2ϩ sensitivity of the contractile apparatus which may have important physiological roles, such as the increased force observed during warm-up exercise. In contrast, in slow-twitch skeletal fibers, neither molecule had any significant effect on the Ca 2ϩ sensitivity, indicating that this fiber type is largely insensitive to modulation by oxidation, consistent with its reduced sensitivity to other molecular species thought to modulate force in fast-twitch fibers, particularly in fatigue.
Individual and Sequential Effects of GSNO and H 2 O 2 on Ca 2ϩ Sensitivity of Fast-Twitch Muscle
Previous studies had only ever examined the effects of ROS (such as H 2 O 2 ) and NO (via various donors) on Ca 2ϩ sensitivity changes in isolation. It is known that skeletal muscle produces both ROS and NO at low levels at rest and that activity increases the production of both species (see review in Ref. 29) . From early data, Reid and colleagues (see reviews in Refs. 27 and 28) proposed that the activity of skeletal muscle may be differentially modulated by changes in the level of ROS and NO. Resting levels of ROS and/or NO determine the basal redox state of the muscle cell, which sets a predetermined force level (Ca 2ϩ sensitivity and or maximum force). Perturbations in the level of either ROS or NO would then dictate the final level of force developed. However, in the absence of comparative data examining the effects of ROS and NO sequentially on force production, the model is difficult to assess.
When examined separately, brief exposures to H 2 O 2 had been reported to increase Ca 2ϩ sensitivity of the contractile apparatus in both intact fiber preparations (1) and in skinned fibers (13) . In previous studies (13) and here, the effects of H 2 O 2 on Ca 2ϩ sensitivity alone were generally small, but with repeated activity in its presence (13) following exposure to the endogenous antioxidant glutathione, which induces a further glutathionylation (13, 20) , Ca 2ϩ sensitivity could be further increased. We had previously proposed that the increase seen with GSH could also explain the increased Ca 2ϩ sensitivity associated with exogenous application of H 2 O 2 in intact fibers via a natural glutathionylation process, and that this mecha- Values are means Ϯ SE of change (⌬) in pCa20, pCa50, and pCa80 values and Hill coefficient (nh) relative to the control response for fast-twitch fibers subjected to various treatments. All treatments were done in each fiber. Mean values were derived from individual plots of the force-pCa relationship for each fiber before and after given treatments. The force-pCa values in each fiber were plotted using a modified Hill equation described by the parameters pCa50 and Hill coefficient (nh) in which maximum and minimum were fixed at 100% and 0%. The control mean pCa20, pCa50, and pCa80 values and nh for all the fibers (sample size n ϭ 13) were 6.42 Ϯ 0.04, 6.27 Ϯ 0.02, 6.12 Ϯ 0.01, and Ϫ4.60 Ϯ 0.48, respectively. *Significantly different from the control value before treatment.
†Significantly different from the preceding value in the sequence (P Ͻ 0.05, one-way ANOVA). In each instance, fibers were exposed to the 50 mM EGTA solution (pCa Ͻ9) when treated with reagents, with the exception of H2O2 treatments, in which fibers were contracted in a 50 mM Ca 2ϩ -EGTA solution (pCa 6.0) with intermittent relaxation periods in a 50 mM EGTA solution for 5 min.
nism may in fact underlie the potentiation of force output following warm-up exercise (13) . The production of other ROS species can also facilitate the same mechanism, with the hydroxyl radical (OH) in the presence of GSH recently shown to also increase Ca 2ϩ sensitivity in fast-twitch fibers (20) . In this way, it was suggested that ROS could contribute to increases in force in vivo in an activity-dependent manner.
In this study (see Fig. 1 ) and in others (2, 11, 22) , NO alone was shown to decrease the Ca 2ϩ sensitivity of fast-twitch muscle. During normal muscle activity, the effects of endogenous NO production on force could be overcome by exogenous addition of NO synthase blockers. Several studies have shown that such blockers help to potentiate force, implying that NO was contributing to a level of force inhibition during normal activity (9, 12, 15, 19) .
When examined together in this study, the sequential addition of H 2 O 2 (and associated glutathionylation with GSH) and GSNO continues to produce distinct effects on Ca 2ϩ sensitivity as predicted by their individual actions (e.g., Fig. 3, A and B) . The effects are cumulative inasmuch that both molecules can still exert their respective effects irrespective of prior oxidative history. Interestingly, this led to a net shift in Ca 2ϩ sensitivity that remained approximately the same irrespective of the treatment order (see Fig. 4, A and B) , suggesting neither molecule dominated in its action on Ca 2ϩ sensitivity, despite possible differences in their individual redox potentials. Nevertheless, it is evident that the ability to separately control Ca 2ϩ sensitivity may provide an important mechanism for the overall control of force development during normal activity in fast-twitch muscles, the outcome of which would be dependent on the final concentration of each of the molecules involved, which in itself may be dependent on the type of muscle activity. Such duel modulation would allow for fine tuning of force output to demand. Furthermore, the absence of any effect in slow-twitch muscle is consistent with a muscle type that requires relatively stable force production. 5 . Effects of sequential treatments with GSNO and H2O2 on the mean change in pCa50 in slow-twitch fibers. Shown is the mean change in the pCa50 value derived from individual force-pCa curves. A positive change in pCa50 indicates an increased Ca 2ϩ sensitivity or a leftward shift in the force-pCa curve. A: slow-twitch fibers were treated in the following order: 10 mM H2O2 for 5 min during repeated contraction (pCa 6.0)-relaxation cycles, 5 mM GSH for 2 min, 1 mM GSNO for 2 min, and 10 mM DTT for 10 min. B: reverse assay in separate fast-twitch fibers. *Significant difference (P Ͻ 0.05) from the control value; #significant difference (P Ͻ 0.05) from the preceding value in the graph.
Effects of GSNO and H 2 O 2 on Slow-Twitch Skeletal Muscle and Relevance to Fatigue
As mentioned above, slow-twitch fibers in this study show remarkable insensitivity to the effects of both GSNO and H 2 O 2 (see Fig. 5 , A and B, and Table 3 ), with the effects of H 2 O 2 /GSH treatment consistent with previous results in skinned fibers (13, 20) . This is the first time the effects of both types of oxidative molecule on slow-twitch muscle have been simultaneously examined and the effects of GSNO specifically on single slow-twitch fibers. For NO, most previous studies had only examined the effects of NO in small intact diaphragm muscle bundles, which typically have a mixed fiber composition (9, 12, 15, 19) . Results from these preparations typically showed reductions in force consistent with the effects of NO observed in single fast-twitch skeletal muscle (2, 11, 22) . In a study on intact slow muscles, Kobzik et al. (12) showed that the force-frequency relationship was largely unaffected by the addition of a NO synthase inhibiter, which is consistent with the findings of the present study.
In fast-twitch fibers, the production of ROS has also been implicated in fatigue (3, 17, 18) . The data presented in this study would suggest that during repeated intense activity, the production of ROS such as H 2 O 2 may in fact initially help alleviate fatigue by facilitating an increased Ca 2ϩ sensitivity with glutathionylation with endogenous GSH also contributing to further force augmentation. Nevertheless, with further activity the overproduction of ROS would evidently lead to decreases in Ca 2ϩ sensitivity and/or maximum force (8) . However, we note again that any effect of H 2 O 2 may be tempered by possible simultaneous actions of NO.
Slow-twitch fibers are known to be fatigue resistant. Thus our data, which show that neither H 2 O 2 (nor subsequent glutathionylation with GSH) nor GSNO alters the Ca 2ϩ sensitivity of the contractile apparatus of slow-twitch fibers, may represent one mechanism for fatigue resistance. The relative insensitivity of slow-twitch fibers to these effects is similar to recent data that show that slow-twitch fibers are largely insensitive to a number of compounds thought to be involved in fatigue (16, 24, 30) . However, again it is possible that under extreme conditions, slow-twitch muscle may still succumb to elevated levels of ROS, where more potent molecular species may be generated (such as hydroxyl radical, OH ⅐ ; 20), particularly at elevated temperatures (such as superoxide; 8).
Conclusions
The considerable literature accumulated thus far describing the various effects of differing ROS and NO species on Ca 2ϩ sensitivity and force supports the model proposed by Reid and colleagues (28) when ROS and NO species are examined in isolation. In this model, ROS and NO can differently modulate force output with prolonged activity. However, it is clear from this study that the independent effects of both H 2 O 2 and GSNO on modulation of Ca 2ϩ sensitivity create a complex situation where the net effect on Ca 2ϩ sensitivity and force is not clear cut. For example, in this study, if we simply take the difference in the effects of both H 2 O 2 /glutathionylation and GSNO treatment on the Ca 2ϩ sensitivity, the net difference would seemingly be close to zero (see Fig. 4, A and B) . The simultaneous production of both molecular entities (ROS and NO) during rest and activity and the inability to identify the predominant molecular species (H 2 O 2 , OH ⅐ , NO, etc.) mean that it is not currently possible to predict the net effect of these molecules on Ca 2ϩ sensitivity and force production.
